In this paper, we address alternative hypotheses for the evolution of subspecies of rock ptarmigan ( Lagopus mutus ) endemic to the Aleutian Archipelago. To do this we examined patterns of genetic differentiation among populations of rock ptarmigan in the Aleutian Islands and parts of both Alaska and Siberia. Variation in mitochondrial control region sequences of 105 rock ptarmigan from 10 subspecies within the Bering region revealed three major phylogenetic lineages, two of which are endemic to the Aleutian Islands. Accordingly, haplotype and nucleotide diversities of rock ptarmigan within the archipelago are much higher than within mainland Alaska or Siberia. For Aleutian rock ptarmigan, analyses of molecular variance indicated significant genetic structuring and low estimates of gene flow among populations, despite small interisland distances within the archipelago. However, isolation by distance did not describe the pattern of gene flow or differentiation at this scale. Our estimates of divergence times of lineages suggest that Aleutian rock ptarmigan became isolated prior to the most recent Pleistocene glaciation event (late Wisconsin Stade) and that current patterns of genetic variation reflect the postglacial redistribution of divergent lineages and subsequent limited gene flow. In addition, genetic divergence among lineages was concordant with the distribution of plumage types among subspecies. The patterns of genetic variation described here for rock ptarmigan provide evidence for the role of glacial vicariance in contributing to genetic diversity within this and other Bering region species.
Introduction
Archipelagoes provide unique opportunities to examine the consequences of geographical population subdivision on phenotypic and genotypic variation in terrestrial species. The relative effects of historical and demographic factors on differentiation of isolated populations are often more easily elucidated in such 'natural experiments' than in continental populations. Most oceanic archipelagoes, including those that have contributed most to our understanding of the combined effects of history, demography and ecology on speciation, were not glaciated during the Pleistocene epoch, and so the evolutionary histories of many organisms in these archipelagoes span a million years or more [e.g. Galápagos Islands (Darwin's finches, Geospiza spp., Grant & Grant 1989; Freeland & Boag 1999; Petren et al . 1999) , Hawaiian Islands (honeycreepers, Drepanidinae, Tarr & Fleischer 1995; crickets, Otte 1989 ; fruit flies, Drosophila spp., Carson & Kaneshiro 1976) , Canary Islands (chaffinches, Fringilla coelebs , Baker et al . 1990 ), Lesser Antilles (bananaquits, Coereba flaveola , Seutin et al . 1994) ].
The Aleutian Archipelago, a chain of volcanic islands stretching 1600 km across the southern Bering Sea, provides an ideal system in which to examine patterns of colonization and genetic differentiation of recently isolated terrestrial populations. Geological evidence indicates that the archipelago was glaciated most recently during the late Wisconsin period approximately 26 000 -11 000 years before present (Hamilton 1994; Stilwell & Kaufman 1996) . Thus, the time since Aleutian recolonization by terrestrial flora and fauna is less than 11 000 years. Also, the linear arrangement of the islands may constrain the route of postglacial, interisland dispersal from ice-free refugia such as Beringia (which encompassed most of mainland Alaska, the Bering land bridge and eastern Siberia), potentially simplifying the interpretation of patterns of genetic variation in descendent populations.
Despite the biogeographically strategic location of the Aleutian Islands between North America and Siberia, and their recent, reliably dated geological history, few studies have investigated patterns of genetic differentiation of animals within this archipelago [but see Shields & Wilson 1987 (Canada geese, Branta canadensis ); Hare & Shields 1992 (song sparrows, Melospiza melodia ); Kidd & Friesen 1998a (pigeon guillemots, Cepphus columba ); Bickham et al . (1996) (Stellar sea lions, Eumetopias jubatus ) ], but none have addressed the postglacial colonization history of Aleutian biota using a phylogeographic approach.
One bird species, the rock ptarmigan ( Lagopus mutus ), exhibits considerable phenotypic differentiation within the Aleutian Islands. Thus, there is good reason to expect detectable island-to-island differences in rapidly evolving genes, even within this small geographical region. Seven rock ptarmigan subspecies are endemic to the Aleutian Archipelago, each confined to one island or a small cluster of islands. These subspecies are characterized on the basis of adult male summer plumage colour and pattern (see review in Holder & Montgomerie 1993 ). Yet, despite the diversity in rock ptarmigan plumages within the Aleutian Islands, broad patterns in assemblages of plumage types emerge. Thus, in this region, there are four subspecies with dark plumage ( L. m. nelsoni , L. m. yunaskensis , L. m. ridgwayi , and L. m. pleskei ) , five with pale plumage ( L. m. atkhensis , L. m. chamberlaini , L. m. sanfordi , L. m. gabrielsoni and L. m. townsendi ) , and only one with black plumage ( L. m. evermanni ; Fig. 1 ). In a related study on the evolutionary history of rock ptarmigan across the Nearctic, we showed that some populations of Aleutian rock ptarmigan were genetically distinct from mainland North American populations based on partial sequences of the mitochondrial control region (Holder et al . 1999) . However, the extent of genetic differentiation among endemic Aleutian subspecies of rock ptarmigan, and thus the level of congruence between genetic divergence and plumage differences in this region, remains unknown.
In this paper, we examine the degree to which geographical isolation and morphological differentiation reflect genetic subdivisions in Aleutian Island rock ptarmigan within the entire mitochondrial control region of this species. We then use these data to address the colonization history of rock ptarmigan inhabiting the Aleutian Archipelago. If rock ptarmigan colonized the archipelago from one source in a linear fashion from east to west (or west to east), then endemic Aleutian populations should be recently derived and more closely related to one another than to other contemporary mainland (Alaska and Siberia) populations. Moreover, estimates of population divergence should suggest a stepping stone pattern of relationships among populations of neighbouring island groups. If more than one colonization event occurred, originating from one or more sources outside the archipelago, then Aleutian rock ptarmigan should be more related to source populations than to each other, and the divergence of populations would not conform to a stepping stone pattern of colonization.
Materials and methods

Populations sampled
We obtained blood, tissue or feather samples from 105 adult rock ptarmigan representing 10 subspecies in three regions: mainland Alaska, Aleutian Islands, and eastern Siberia including the Komandorskiye Islands (Fig. 1, Table 1 ). We collected blood samples ourselves from rock ptarmigan early in the breeding season on Attu Island ( Lagopus mutus evermanni ) and Kodiak Island ( L. m. nelsoni ). Tissue and blood samples from birds in the remainder of the Aleutian Islands, mainland Siberia and mainland Alaska were collected by others primarily during the breeding season (May-July), or later in the post-breeding season on Kiska Island (September) and the Komandorskiye Islands (October). Thus the birds sampled for this paper were likely to have been on or near their breeding territories as all island populations of rock ptarmigan are resident, and those on mainland Alaska are primarily altitudinal migrants (Weeden 1964) .
Amplification and sequencing of mitochondrial DNA
We stored tissue samples in 95% ethanol and blood samples in 95% ethanol or lysis buffer (Seutin et al . 1991) at ambient temperatures (short-term) or 4 ° C. DNA was purified from whole blood and tissue samples by protease digestion and phenol and chloroform-isoamyl alcohol extraction (Kocher et al . 1989) .
To screen samples rapidly for the presence of sequence variation in the control region, we analysed singlestranded conformational polymorphisms (SSCPs; Orita et al . 1989; Lessa & Applebaum 1993; Girman 1996) . We amplified the first 469 base pairs (bp) of the control region with CHL 16746 (Wenink et al . 1994 ) and H 521 (Quinn & Wilson 1993) , and the remainder of the control region with L 543 (Quinn & Wilson 1993) and CGH 1256 (Kidd & Friesen 1998b ), using the protocols described in Holder et al . (1999) . The polymerase chain reaction (PCR) products were then cleaved with the restriction enzymes Sau 3A I and Hpa II (5 ′ end) or Sau 3A I (3 ′ end) into fragments ranging in size from 92 to 433 bp. Single-stranded fragments were visualized following protocols in Friesen et al . (1997) . SSCP variants represented by a single individual were sequenced to identify the site and type of mutation present; variants represented by more than one individual were sequenced for up to 18 individuals.
For sequencing, we amplified the control region in two overlapping segments with primers CHL 16746 and H 772 (Wenink et al . 1993) , and species-specific primer LML 626 (5 ′ -CTTCTTCACAGGTTGCCCTTCACAG-3 ′ ) and CGH 1256. Amplification conditions were the same for all primer pairs. The amplified products were isolated from 1.5% agarose gels using the GeneClean II ® kit (Bio 101, Inc., Vista, California) according to manufacturer's directions. We used the Amplicycle ® cycle sequencing kit and protocol (Applied Biosystems, Foster City, California) with both amplification primers and nested primer LML 284 (5 ′ -GACCATATATATGAATGCTCGTAGGAC-3 ′ ), and direct incorporation of [ α 33 P]-dATP. Sequencing products were electrophoresed through LongRanger™ gels (BioWhittaker Molecular Applications, Rockland, Maine). In all cases, individuals with the same SSCP profiles had identical sequences. Haplotypes were determined for a total of 105 individuals, 64 of which were analysed by SSCP alone, five by direct sequencing alone and 36 using both methods. We aligned the control region sequences by eye.
Nuclear homologues of mitochondrial markers (numts) have been identified in other bird species (e.g. Quinn 1997; Kidd & Friesen 1998b; Sorenson & Quinn 1998) . To verify that we were sequencing mitochondrial DNA (mtDNA), we amplified the control region from DNA extracted from both blood and mitochondrial-rich liver samples from four individuals. We found no differences in the sequences from blood and liver samples from the same individual. Further, conserved sequence blocks (CSB-1 and F, D, and C boxes; Brown et al . 1986; Southern et al . 1988) were present in all sequences. Finally, the distribution of substitutions within the control region (see Results) was similar to that of other birds surveyed thus far (Baker & Marshall 1997) . 
Phylogenetic analysis and population genetic structure
We employed maximum likelihood (ML) analysis of sequence data using the DNAML program in phylip (version 3.5c; Felsenstein 1993) which provides confidence intervals on the length of each branch in the phylogenetic tree. We report results based on an empirical transition/ transversion (ts/tv) ratio of 16.0, but use of ts/tv ratios from 2.0 to 17.0 did not change the results. We also calculated genetic distances between control region haplotypes using the Kimura two-parameter model of pairwise distance estimation, and constructed a neighbour-joining (NJ) tree using mega (Kumar et al . 1993) . For this analysis, we included 15 haplotypes identified from rock ptarmigan across continental North America and Iceland (data from Holder et al . 1999 ) and one haplotype from Japan (Baba et al . unpublished data; GenBank Accession no. AB006673).
To incorporate these additional haplotypes, we restricted this analysis to the first 676 bp of the control region. Standard error tests were used as measures of reliability of the phylogenetic relationships (Rzhetsky & Nei 1992) . While recent phylogenetic reconstructions identify rock and willow ptarmigan ( L. lagopus ) as sister species (Ellsworth et al . 1995 (Ellsworth et al . , 1996 , the large genetic distance between rock and willow ptarmigan (see Results) resulted in low resolution of relationships among rock ptarmigan sequences in phylogenetic trees rooted with a willow ptarmigan sequence. Therefore, only trees with midpoint rooting are shown.
For an alternate depiction of the differences between haplotypes, we generated a minimum spanning network using the pairwise distance matrix as input to ntsys (Rohlf 1990) . For situations in which many sequences may be derived from the same ancestral haplotype, this portrayal of sequence evolution is particularly effective.
To determine the extent of geographical structuring in control region haplotypes, we used an analysis of molecular variation ( amova ). The resulting Φ statistics are analogous to Wright's F -statistics (Excoffier et al . 1992) . As input to the program arlequin (version 1.1; Schneider et al . 1997) , we used distances estimated by the Kimura two-parameter model. We defined 'population' as in Holder et al . (1999) . Briefly, for subspecies of rock ptarmigan confined to a single island or small island clusters, we considered all sample sites within that island or island cluster to comprise one population. For more widespread mainland subspecies, we considered all sample sites within an island or island cluster to comprise one population, whereas for mainland sites, we used an analysis of molecular variance ( amova , Excoffier et al . 1992 ) to determine if statistically significant population divisions existed among sample sites. Because individuals of five or less were sampled at some sites (Table 1) , we ran the amova with such populations excluded. Based on our criteria, the seven endemic Aleutian subspecies each corresponded to a 'population'. The widespread Alaskan subspecies ( L. m. nelsoni ) comprised five populations: one encompassing all sites on the Alaskan mainland, one each on Kodiak Island, the Shumagin Islands and the Fox Islands. Similarly, the two Siberian subspecies comprised a mainland population ( L. m. pleskei ) and a population in the Komandorskiye Islands ( L. m. ridgwayi ).
We first grouped populations that were related according to the results of phylogenetic analyses of haplotypes. We then grouped populations according to the most probable geographical subdivisions. We also examined population subdivision within the Bering region as a whole, and within each regional subdivision where sample sizes permitted.
To calculate the extent to which gene flow occurs between the different populations (or the extent to which endemic Aleutian rock ptarmigan represent independent evolutionary units), we estimated gene flow, N f m , among populations from pairwise Φ ST values using the formula:
where N f is effective female population size and m is the proportion of individuals that migrate each generation (Slatkin 1993) . However, this method of estimating gene flow from F ST makes a number of simplifying assumptions (Wright 1931 ) that are usually violated by natural populations (Neigel 1997; Bossart & Prowell 1998) . As a result, the estimates of gene flow are often unreliable, although they may be correct within an order of magnitude (Whitlock & McCauley 1999) . To obtain an alternative estimate of gene flow, we employed a ML method based on coalescent theory (Beerli & Felsenstein 1999 ) using the program migrate (version 0.7; Beerli 1997). This approach estimates migration rate (expressed as the parameter N f m ) from a sample of all possible genealogies of sampled sequences, taking into account the history of mutations and the uncertainty of the genealogy. Like F ST -based estimates, Beerli and Felsenstein's ML method also makes an assumption of equilibrium between drift and migration, but simulations demonstrated that the gene flow estimate produced by migrate was superior to F ST -based estimates for a given data set because migrate integrates over possible genealogies of haplotypes and migration events (Beerli & Felsenstein 1999) . Unlike F ST -based estimates, migrate allows independent estimates of unequal migration rates and different population sizes.
For our ML analysis of gene flow, we combined populations into five groups according to geographical proximity and genetic similarity (see Results), such that genetically similar populations adjacent to one another were grouped together whereas genetically similar populations separated by large geographical distances (and intervening, genetically dissimilar populations) were not grouped. By these criteria, Alaska = DH, ES, AR, KO, SH, CB, UN, FM; Andreanof Islands = TK, AD, TA; Rat Islands = AM, KI; Attu Island = AT; Siberia = CO, KA, MA, CH, TP (site codes as in Fig. 1 ).
To test for isolation by distance, whereby genetic similarity between populations decreases as distance increases if dispersal is limited (Wright 1943) , we tested for a correlation between gene flow (estimated from pairwise Φ ST ) and geographical distance using Mantel's test. This method of statistical analysis corrects for the presence of autocorrelation (Legendre & Fortin 1989) . For the mainland populations we arbitrarily chose two sites centrally located within the sampling range of each population (Eagle Summit, AK, and Magadan, Siberia) from which to measure geographical distance. Results did not change qualitatively when we used mainland coastal sites that were closer to the Aleutian Archipelago.
As an estimate of the extent to which two different populations have diverged from each other, we calculated Nei's genetic distance, δ , between subspecies according to the formula:
where π XY is the mean pairwise sequence divergence between individuals from different population, and π X and π Y are the mean pairwise divergences between individuals within each population (Wilson et al . 1985) . We calculated time since divergence of populations according to the formula: (Wilson et al . 1985) where r is the rate of sequence divergence per million years (see below).
As an index of genetic variability within glaciated and unglaciated regions, we used both mean pairwise sequence divergence, π XY (see above), and haplotypic diversity, h . We calculated h within different phylogenetic lineages and within different regions according to the formula: where x i is the frequency of the i th haplotype, and n is the total number of individuals (Nei 1987) . Haplotypic diversity ( h ), which does not incorporate the magnitude of genetic divergence between alleles, is analogous to heterozygosity in nuclear genes.
Results
Sequence variation
We identified 13 control region haplotypes (Table 1) based on 17 variable sites from 105 rock ptarmigan from mainland Alaska, the Aleutian Islands and Siberia. Sequences for the control region have been deposited in GenBank (Accession nos AF258326-AF258338). Haplotypes differed from one another by 1-7 substitutions in 1144 bp (0.09% to 0.64%). Overall, mean pairwise divergence among haplotypes in the Bering region was 0.36% (SD = 0.17%, n = 78 comparisons), comparable to the level of variation in greenfinches (Carduelis chloris) across Europe (0.39%; Merilä et al. 1997) . This level of divergence was similar to that among the endemic Aleutian Island haplotypes alone (mean ± SD = 0.38% ± 0.16%, n = 21 comparisons). Lower levels of divergence were found among the mainland Alaskan haplotypes (0.06% ± 0.05%, n = 3) and among the Siberian haplotypes (0.24% ± 0.05%, n = 3). A willow ptarmigan haplotype (based on the sequences of two willow ptarmigan) differed from the rock ptarmigan haplotypes by 4.25 -4.73%.
Average nucleotide composition of the entire rock ptarmigan control region was 25.4% A, 26.1% C, 14.7% G, 33.7% T. As in other birds surveyed thus far (Baker & Marshall 1997) , domain I was AC rich and domain III was AT rich. Because of the reduced G content of the control region, the number of C-T transitions was triple that of A-G transitions.
Phylogeographic patterns of control region variation
One haplotype, BE1, was found in individuals in mainland populations from interior Alaska to the Taimyr Peninsula in Siberia (Table 1 ). This widespread haplotype was also the most common, being found in 55% of individuals. BE1 was not found in the Andreanof Islands in the central Aleutians, nor on Attu Island in the Near Islands of the western Aleutians. Of the remaining 12 haplotypes, only one, AL1, was shared between populations (and only between populations on Atka and Adak Islands in the central Aleutians). All remaining haplotypes were restricted to a single geographical location.
Several populations had both the ubiquitous BE1 haplotype and one unique variant. Only on Attu Island did all individuals share a single unique haplotype, AL7. Five unique variants were identified in the Andreanof Islands, with each of the three Andreanof subspecies having two of the variants.
An unrooted ML phylogeny of control region haplotypes based on all 1144 bp (Fig. 2) suggested that Aleutian haplotypes (AL1-AL7) also were monophyletic (length of branch basal to Aleutian clade was significantly different from zero, P < 0.01, based on ML analysis). Within this Aleutian clade, the central Aleutian haplotypes (AL1-AL5) were similarly monophyletic. The relationships among mainland haplotypes (BE1, AK1, AK2, S1-S3) remained unresolved.
A NJ tree of all Nearctic and eastern Palearctic haplotypes based on partial control region sequences (data from Holder et al. 1999; Baba et al. unpublished 
three lineages from Bering-region rock ptarmigan (results not shown). As in the ML tree, the central Aleutian haplotypes were monophyletic, and the unique haplotype from Attu Island (AL7) clustered with the unique haplotype from Amchitka Island (AL6). The mainland Alaskan and Siberian haplotypes fell in a clade including haplotypes from Canada. Branch lengths, however, were not significantly different from zero with standard errors tests. The haplotype from a Japanese rock ptarmigan was not closely related to any Bering region haplotype.
A minimum spanning network of control region haplotypes, overlaid on a map of the Bering region, better illustrates the phylogeography of haplotypes (Fig. 3) . The pan-Beringian BE1 haplotype was the hub from which other mainland haplotypes differed by one to two mutations. Aleutian haplotypes (AL1-AL7) were more divergent from BE1, with three to six mutations separating them from BE1. The central Aleutian cluster had at its hub the most common endemic haplotype, AL1, from which three others diverged. The pattern of a common widespread haplotype (i.e. BE1) connecting to other populationspecific haplotypes suggests that sequences recurrently diverged from an extant ancestral sequence.
Not only were Aleutian Islands haplotypes unique, the total haplotypic diversity (h) of this region (Aleutian populations pooled) was twice that of mainland Alaskan and Siberian populations combined (Table 2) . Overall, haplotypic diversity of all populations pooled was 0.65, which is moderate relative to levels of haplotypic diversity in this part of the control region in other bird species (Baker & Marshall 1997; Merilä et al. 1997) . Nucleotide diversity within the Aleutian Islands as a group was almost 10 times that in mainland Alaska and Siberia combined.
Population structure and gene flow
With the Bering region taken as a whole, 93% of the total genetic variance was due to differences among rock ptarmigan populations (Table 3 ). The groupings of populations into the three clusters suggested by phylogenetic analyses ( Fig. 2 ; Holder et al. 1999 ) resulted in a very high Φ CT value, with over 95% of total variation due to differences among the three clusters. In contrast, groupings of populations into geographical subdivisions gave a very low, nonsignificant Φ CT value, with a negligible proportion of total variation occurring among the three clusters. Therefore, clusters of populations that are phylogenetically related are assumed to represent the most probable population subdivisions. Overall, genetic structure among rock ptarmigan populations (Φ ST ) was substantial and highly significant, irrespective of the manner in which populations were grouped.
ML estimates of migration based on coalescent theory indicated that populations in the central (Andreanof Islands) or western Aleutians (Attu Island) experienced negligible gene flow (immigration and emigration) with other populations (Table 4 ). This analysis also indicated that the few high estimates of gene flow detected in the Aleutian Islands (involving rock ptarmigan of the Rat Islands) probably arose from immigration into the archipelago from neighbouring mainland Alaska and Siberia, rather than emigration from the Rat Islands. Our estimates of gene flow for the Rat Islands may have been inflated as a result of small sample sizes being insufficient to detect many rare haplotypes. However, similar sampling efforts in other sites were sufficient to detect haplotypes other than BE1. Moreover, the ML approach for estimating gene flow is less sensitive to small sample sizes than other methods are (Beerli & Felsenstein 1999) . Table 2 Estimates of haplotype diversity (h) and nucleotide diversity (π) within geographical regions. Site codes correspond to those in Fig. 1 Despite significant geographical subdivision of genetic variation, gene flow (derived from estimates of Φ ST for pairs of populations) did not decrease significantly with geographical distance (Fig. 4 ; Mantel's test, 1000 permutations, r = 0.10, P = 0.60). Such a decrease would be predicted if dispersal of females between populations was not limited (Slatkin 1993) . While it is possible that, due to incomplete sampling, our data were not sufficient to detect a pattern of isolation by distance, the absence of any endemic Aleutian haplotypes shared among major island groups is consistent with little or no gene flow among populations in the Aleutian Archipelago.
Concordance between mtDNA variation and plumage variation
Divergence of mtDNA among populations is concordant with the distribution of plumage types. A NJ tree based on genetic distances, δ (Wilson et al. 1985) , between populations reflects some of these patterns ( 
Discussion
A striking result from this study is the high genetic diversity of rock ptarmigan within the Aleutian Islands relative to that across mainland Alaska and eastern Siberia (Table 2 , Fig. 2) . Typically, lower levels of genetic diversity are found among populations in a recently glaciated area than among populations that have persisted in a nonglaciated region for a much longer period. For example, gradients in levels of genetic variability have been found in greenfinches (Merilä et al. 1997) and humans (Homo sapiens; Tishkoff et al. 1996) , wherein haplotype diversity was highest in tropical and south temperate regions, and much lower in the formerly glaciated northern latitudes. In contrast to this general pattern, haplotype and nucleotide diversity is much higher in Aleutian rock ptarmigan (which have been established for less than 11 000 years), than in mainland populations that occupy formerly nonglaciated mainland sites in Alaska and Siberia. As yet, no other organism has been identified with this pattern of high genetic diversity within the Aleutian Archipelago, and low diversity in the adjacent mainland regions. Geographic structuring of control region variation is evident from the phylogeographic relationships of lineages (Figs 2, 3) , and from estimates of population structuring (Table 3 ). This contrasts with patterns of intraspecific genetic variation and differentiation found in other species in this region. Shields & Wilson (1987) found that a small sample of Canada geese in the middle and eastern Aleutians, and as far east as the Semidi Islands, all had identical mitochondrial haplotypes. Although mitochondrial variation was evident in Alaskan song sparrows (Hare & Shields 1992 ), haplotypes were not geographically segregated, and closely related song sparrow haplotypes were not necessarily close to each other geographically. Furthermore, haplotype frequencies were not congruent with the highly morphologically differentiated subspecies. In contrast, we found considerable congruence between the geographical distribution of haplotypes and plumage types of rock ptarmigan within the Bering region.
Together, our results suggest that rock ptarmigan did not have the same evolutionary history as other land birds studied thus far in the Aleutian Islands. Unlike these other species, however, Aleutian rock ptarmigan spend all of their life cycle on the islands. Migratory species like the song sparrow spend only the breeding season on the Aleutian Islands, and as a result have greater opportunity to move among populations from one breeding season to the next. Thus migratory species may have relatively higher gene flow among island populations compared to rock ptarmigan.
History of rock ptarmigan in the Aleutian Islands
Currently, nothing is known of the colonization history of rock ptarmigan in the Aleutian Islands. We have found no accounts of sub-fossils that might give clues as to the direction(s) from which this species colonized the islands post-glacially. A single colonization event of rock ptarmigan from mainland Alaska westward along the archipelago in a stepping stone fashion may have occurred. Alternatively, there may have been more than one colonization event from one or more sources outside the archipelago. The NJ tree based on genetic distances between populations (Fig. 5) does not suggest a linear stepping stone model of colonization along the archipelago, in which the mainland Alaskan and Siberian rock ptarmigan would be basal to a cluster of closely related Aleutian populations. Surprisingly, the greatest genetic distances are found between adjacent Aleutian populations. Moreover, three Aleutian subspecies share the most common mainland haplotype, and are thus most closely related to Lagopus mutus nelsoni and L. m. pleskei, despite disjunct distributions in all but one case.
In a survey of control region variation in rock ptarmigan from five other Nearctic subspecies, we did not identify any haplotypes closely related to, or ancestral to, the endemic Aleutian lineages (Holder et al. 1999) . Thus, no other North American population was likely to have been the source of the Aleutian lineages. Rock ptarmigan from the Kurile Islands (L. m. kurilensis; not included in either study) and Japan (L. m. japonicus) have dark brown plumages, similar to that of L. m. ridgwayi in the Komandorskiye Islands. The ranges of L. m. kurilensis and L. m. japonicus lie peripheral to the Sea of Okhotsk, the site of another Pleistocene glacial refugium, so Aleutian lineages might have originated there. Although the route by which ancestral ptarmigan could have colonized the Aleutians from the Okhotsk refugium is longer than that from the Beringian refugium, the distance is comparable to that travelled by the most migratory of the high arctic populations.
In our study of all Nearctic rock ptarmigan subspecies (Holder et al. 1999) , we found that the mainland (Alaska and Siberia) and western Aleutian lineages of rock ptarmigan would have diverged approximately 43 000 years ago. We show here that the central Aleutian lineage would have diverged from the mainland lineage at approximately the same time, about 39 000 years ago. These estimates correspond well with one of the late Pleistocene interstades (periods of climate moderation during glaciations) that ended with the onset of the late Wisconsin maximum stade approximately 26 000 years ago (Fig. 6; Hamilton 1994; Stilwell & Kaufman 1996) . On a local Alaskan scale, evidence for this interstade derives from glacial moraines and deposits in both the Alaska and Brooks mountain ranges (Hamilton 1994) . Dates corresponding to the onset of the interstade are estimated at approximately 35 000 to > 40 000 years ago (Karlstrom 1961; Hamilton 1994; Stilwell & Kaufman 1996) .
Recalculating divergence times using the rate of mutation for the entire control region of Darwin's finches (5%/ million years; Freeland & Boag 1999) gives an estimated time of divergence of 73 000 years before present for mainland and western Aleutian ptarmigan. This estimate corresponds to the onset of a glaciation of the Knik age in Alaska, a glacial advance inferred from glacial moraines and deposits in the Cook Inlet region (Karlstrom 1961) . Therefore, while these estimates of divergence times are Wilson et al. (1985) , and (B) timing of late Pleistocene glaciations and interstadial period based on the Alaska Range model and Brooks Range model of glacial advances in Alaska (redrawn from Fig. 9 , Hamilton 1994) . Note that the abscissae of both graphs align, such that 0.50% divergence corresponds to approximately 45 000 y before present. different, they all suggest that variation in the Aleutian lineages probably did not arise in the 11 000 years since deglaciation of the Aleutian Islands.
Our best estimates of divergence times for Aleutian rock ptarmigan are consistent with a scenario in which a refugial rock ptarmigan population expanded during the last interstadial period (26 000-40 000 years ago) and was then divided into subpopulations by ice as the late Wisconsin glaciers advanced, allowing divergence in allopatry until deglaciation 11 000 years ago. Recent work on genetic variation within two seabird species has revealed genetic lineages endemic to the Aleutian Archipelago that also predate the late Wisconsin glacial maximum. In pigeon guillemots, populations in the eastern Aleutian Islands are genetically distinct from those on the south coast of Alaska and in Oregon (Kidd & Friesen 1998a) . A similar study of marbled murrelets (Brachyrhamphus marmoratus) also revealed an endemic Aleutian lineage that split from the mainland lineage approximately 50 000 years ago (Congdon et al. 2000) . We do not know, however, where in Alaska non-Beringian refugial populations might have persisted during the late Wisconsin period prior to colonizing the Aleutian Archipelago. Concordant phylogeographic patterns across mammal species (longtailed voles, Microtus longicaudus, Conroy & Cook 1999 ; brown bears, Ursus arctos, Heaton et al. 1996) suggest that populations of these two mammals were isolated in a south-east Alaskan coastal refugium during the late Pleistocene. In a similar fashion, the concordant phylogenetic relationships within the three bird species suggest that divergence of Aleutian and mainland lineages reflect a late Pleistocene vicariant event, with isolation of refugial lineages somewhere in south-west coastal Alaska. Founder effects may explain why lineages of rock ptarmigan did not appear to mix during colonization of the Aleutians Islands. These islands are small, and the probability of successful colonization of any one island by more than one lineage is therefore low.
As recently as 4000 years ago, a few of the largest and most mountainous Aleutian Islands, including Attu Island, experienced Holocene glaciations that lasted as long as 1000 years, whereas less mountainous islands remained unglaciated (Calkin 1988) . Thus, the rock ptarmigan on Attu may have experienced a severe bottleneck during this recent glaciation when ice advanced from the alpine regions of the island toward the coast, reducing genetic variation to the low levels (a single haplotype) we find there today.
Gene flow
Geographic segregation of haplotypes within the Aleutians reflects allopatric divergence of refugial populations and subsequent low maternal gene flow between the populations on the major island groups. Gene flow estimates among divergent Aleutian populations were indeed very low (Table 4) . Although migrating rock ptarmigan in other regions of North America can travel distances well over those that currently separate island groups, ptarmigan in the Aleutian Archipelago are resident on islands year round and no interisland movement of individuals has ever been reported. Differences in haplotype frequency among Aleutian samples may have been inflated by localized collection on some island groups reinforcing betweenisland subdivision of haplotypes. However, there was no significant relationship between the number of sites at which samples were collected and the number of haplotypes detected within a population (Table 1 ; Spearman rank correlation, r s = 0.32, n = 15, P = 0.24) or within a region (Table 2 ; r s = 0.76, n = 6, P = 0.09). Thus, we argue that our results suggest that endemic populations of rock ptarmigan were indeed historically genetically isolated.
Conclusion
Our paper of control region variation shows that rock ptarmigan populations in the Aleutian Archipelago are genetically differentiated and highly structured, despite their limited geographical range. Divergence in the control region was concordant with divergence in plumage pattern of Bering region rock ptarmigan, such that all subspecies with a dark summer plumage comprised one genetic lineage, all pale subspecies comprised another genetic lineage, and the single black subspecies comprised a third lineage. Following from this observation, we consider the possibility that the central Aleutian lineage was derived from rock ptarmigan in a refugium on the Sea of Okhotsk less likely because of the dissimilarity in plumage types-the plumages of Lagopus mutus kurilensis and L. m. japonicus, representative of the Sea of Okhotsk region, are more similar to those of non-Aleutian subspecies (e.g. L. m. ridgwayi) than to the pale plumages of the Andreanof Islands lineage. By the same reasoning, we are less able to discount the possibility that the Attu Island lineage descended from an Okhotsk refugium given that the black plumage is arguably more similar to the dark brown plumage of ptarmigan in Japan than is the pale plumage of the central Aleutian lineage. We note, however, that the single rock ptarmigan haplotype from Japan is not closely related to endemic Aleutian haplotypes.
Geographic segregation of lineages along recognized morphological boundaries is expected if the populations were separated by historical barriers to gene flow (Avise 1994) . Thus, the concordance between plumage morphology and the control region variation suggests that this gene tree correctly identifies the rock ptarmigan phylogenetic history in the Bering region. This paper therefore illustrates the utility of the control region for examining intraspecific differentiation during the late Pleistocene epoch.
Our results have implications for understanding the historical biogeography of the Bering region, and the impact of Pleistocene glaciations on the evolution of diversity within Nearctic taxa. Despite the relatively short period of evolutionary time over which rock ptarmigan lineages apparently diverged (approximately 40 000 years), the processes that contribute to the accumulation and maintenance of genetic diversity have nevertheless resulted in significant population and phylogeographic structure among Bering region populations (this study), and indeed among Nearctic rock ptarmigan in general (Holder et al. 1999) . Our work, therefore, provides compelling evidence for the role of vicariance in contributing to genetic diversity in this species, and the role of island systems in maintaining such diversity by restricting the homogenizing effects of gene flow. Additional studies of other vertebrates are necessary to test the generality of these hypotheses for evolutionary divergence within Bering region taxa.
